Abstract: We experimentally demonstrate polarization-division-multiplexing quadraturephase-shift-keying (PDM-QPSK) modulated vector signal generation at the W-band, adopting Mach-Zehnder-modulator-based (MZM-based) photonic frequency octupling and phase precoding techniques. The MZM biased at its maximum transmission point is driven by a 12-GHz precoded vector signal, which is generated by MATLAB programming and carries up to 4-GBd QPSK transmitter data. The phase of the 12-GHz precoded vector signal is one eighth that of the regular QPSK symbol to overcome the phase octupling effect accompanying the frequency octupling during square-law photodiode (PD) detection. Only one polarization beam splitter is needed to implement optical polarization diversity. The generated 96-GHz vector signal can carry up to 4-GBd PDM-QPSK data. To the best of our knowledge, this is the first time that the generation and reception of the polarization multiplexing vector signal has been recognized by one external intensity modulator at the W-band.
Introduction
The advantage of inherent wider bandwidth available at higher frequencies enables wireless millimeter-wave (mm-wave) delivery to provide multi-gigabit mobile data transmission, whichhas been intensively studied by the research community in recent years [1] - [6] . Meanwhile, advanced vector signal modulation can be combined with digital coherent detection and efficiently improve spectral efficiency and receiver sensitivity. The introduction of advanced vector signal modulation into wireless mm-wave delivery can overcome the limitation of insufficient spectrum resources and significantly increase wireless transmission rate. In the past few years, numerous techniques have been proposed to implement mm-wave systems which can generate and transmit mm-wave carrier employing advanced vector signal modulation [1] - [6] . The technique of external intensity modulation makes use of the beating of the sidebands generated by external intensity modulator driven by a radio-frequency (RF) signal and can generate very stable mm-wave carrier, the frequency of which only depends on the driving RF signal. Moreover, external intensity modulation combined with photonic frequency multiplication can realize high-frequency mm-wave signal generation with the reduced bandwidth requirement for both optical and electrical components at the transmitter end [7] - [11] . We have experimentally demonstrated quadrature-amplitude/phase-modulation (QAM) modulated vector signal generation at W-band adopting photonic frequency octupling enabled by a single Mach-Zehnder modulator (MZM) or phase modulator [12] - [14] . However, in our previous demonstrations, only one optical polarization is adopted. It is well known that the polarization multiplexing technique is a practical solution for the future spectrally-efficient high-speed optical transmission to double the capacity of a fiber link [15] , [16] . Thus, it is interesting to investigate how to realize polarization multiplexing QAM modulated vector signal generation based on external intensity modulation with a simple architecture (no cascaded or dual-parallel modulators) and a high stability to double the capacity of wireless mm-wave delivery.
In this paper, we experimentally demonstrate polarization-division-multiplexing quadraturephase-shift-keying (PDM-QPSK) modulated vector signal generation at W-band, adopting MZMbased photonic frequency octupling and phase precoding techniques. The MZM biased at its maximum transmission point is driven by a 12-GHz precoded vector signal, which is generated by MATLAB programming and carries up to 4-Gbaud QPSK transmitter data. The phase of the 12-GHz precoded vector signal is one eighth that of the regular QPSK symbol, to overcome the phase octupling effect accompanying frequency octupling during square-law photodiode (PD) detection. Only one polarization beam splitter (PBS) is needed to implement optical polarization diversity. Up to 4-Gbaud PDM-QPSK modulated vector signal at 96 GHz is generated with a biterror rate (BER) less than the hard-decision forward-error-correction (HD-FEC) threshold of 3:8 Â 10
À3 after 2-km single-mode fiber-28 (SMF-28) transmission. To the best of our knowledge, it is the first time to realize the generation and reception of polarization multiplexing vector signal by one external intensity modulator at W-band. Fig. 1 shows the experimental setup for PDM-QPSK modulated vector signal generation at Wband, adopting MZM-based photonic frequency octupling and phase precoding techniques. At the transmitter, a precoded vector signal at 12 GHz, carrying 1-or 4-Gbaud QPSK data, is generated by MATLAB programming. That is, a pseudo random binary sequence (PRBS), with a length of 2 10 , is first QPSK mapped, then phase-precoded, and finally up-converted into 12-GHz RF band by simultaneous cosine and sine functions. Fig. 1 (a) and (b) show the calculated constellations after QPSK mapping and phase precoding, respectively. Here, the phase of Fig. 1 (b) is precoded as 1/8 of that of Fig. 1(a) , in order to overcome the phase octupling effect accompanying frequency octupling during square-law PD detection [13] . Fig. 1(c) gives the calculated 12-GHz precoded vector signal spectrum after up-conversion. Note that Fig. 1(a) -(c) are all calculated at 4 Gbaud.
Experimental Setup for PDM-QPSK Modulated Vector Signal Generation at W-Band
Next, the generated 12-GHz precoded vector signal by MATLAB programming is uploaded into an arbitrary waveform generator (AWG) with 8-bit resolution, 80-GSa/s sampling rate and 16-GHz electrical bandwidth, to implement digital-to-analog conversion (DAC). Then, after boosted by an electrical amplifier (EA) to $6 V pp (V pp denotes the peak-to-peak voltage), the 12-GHz precoded vector signal is used to modulate the continuous-wave (CW) output from an external cavity laser (ECL) via a MZM biased at its maximum transmission point. The EA from Nextec-RF has 5-dB noise figure, 14-GHz electrical bandwidth and 30-dBm saturation output power. The MZM from Fujitsu has a 3-dB bandwidth of $36 GHz, 2.8-V half-wave voltage ðV % Þ at 1 GHz and 5-dB insertion loss. Fig. 2(a) gives the output optical spectrum (0.02-nm resolution) of the MZM, including only even-order optical subcarriers with 24-GHz frequency spacing. Polarization multiplexing is further implemented by a polarization multiplexer, which includes a polarization-maintaining optical coupler (PM-OC) to split the signal into two components, a variable optical delay line to provide a delay of 90 symbols, a variable optical attenuator (VOA) to balance the power of the two components and a polarization beam combiner (PBC) to recombine the two components. Fig. 2(b) gives the output optical spectrum (0.02-nm resolution) of the polarization multiplexer.
Then, the two fourth-order optical subcarriers, with the same amplitude and opposite phase information, are selected by a 50/100-GHz optical interleaver (denoted by IL1, 50-GHz bandpass bandwidth and 1.2-dB insertion loss) in cascade with a 25/50-GHz optical interleaver (denoted by IL2, 25-GHz bandpass bandwidth and 1.2-dB insertion loss) to generate 96-GHz optical mm-wave signal. Fig. 2(c) and (d) give the output optical spectra (0.02-nm resolution) of IL1 and IL2, respectively. Then, the generated 96-GHz optical mm-wave signal with 0-dBm launched power is sent into a span of 2-km SMF-28. The SMF-28 has 2-dB insertion loss including connector loss and 17-ps/km/nm chromatic dispersion (CD) at 1550 nm in the absence of optical dispersion compensation. Fig. 2(e) gives the optical spectrum (0.02-nm resolution) after 2-km SMF-28 transmission. A VOA is added to adjust the optical power for BER measurement. Note that Fig. 2(a) -(e) are all measured at 4 Gbaud.
At the receiver, a PBS is first used to implement optical polarization diversity of the received optical mm-wave signal. Then, the obtained X-and Y-polarization optical components are up-converted by two parallel W-band PDs into two 96-GHz electrical mm-wave signals. Each W-band PD has 90-GHz optical bandwidth. Here, it is worth noting that, after square-law PD conversion, the octupling of the driving frequency of the MZM (from 12 GHz to 96 GHz) also leads to the octupling of the driving phase of the MZM at the same time. However, due to the adoption of MATLAB-based phase precoding at the transmitter, the up-converted two 96-GHz electrical mm-wave signals both display regular QPSK modulation [13] and can be considered as a PDM-QPSK modulated electrical mm-wave signal at 96 GHz. It is also worth noting that the polarization of the light in front of the PBS in Fig. 1 is arbitrary due to the fiber transmission. Thus, the X-or Y-polarization component at the output port of the PBS contains a mix of the data which is simultaneously encoded on the X-and Y-polarization at the transmitter.
After amplified by two parallel W-band EAs, each with 30-dB gain and 3-dBm saturation output power, the 96-GHz PDM-QPSK modulated electrical mm-wave signal is down-converted into an 11-GHz PDM-QPSK modulated electrical intermediate-frequency (IF) signal by two parallel commercial balanced mixers. Here, an 85-GHz sinusoidal RF source with 16-dBm output power is divided by a power divider into two components, each of which is offered to one commercial balanced mixer. After passing through two parallel low-noise amplifiers (LNAs), the X-and Y-polarization components of the down-converted 11-GHz PDM-QPSK modulated IF signal are simultaneously captured by two analog-to-digital-conversion (ADC) channels of a fourchannel digital storage oscilloscope (OSC). Each ADC channel of the digital storage OSC has 160-GSa/s sampling rate and 65-GHz electrical bandwidth. Fig. 2(f) gives the electrical spectrum of the captured 11-GHz X-polarization IF signal at 2 Gbaud. The transmitter QPSK data can be recovered from the captured 11-GHz PDM-QPSK modulated electrical IF signal after offline digital signal processing (DSP), which includes IF down conversion, constant modulus algorithm (CMA) equalization, frequency offset estimation, carrier phase estimation, differential decoding, and BER counting [16] . Fig. 3 shows the measured BER versus the launched optical power into PD for four different cases, i.e., 1-Gbaud back-to-back (BTB) single-polarization QPSK (SP-QPSK), 1-Gbaud BTB PDM-QPSK, 4-Gbaud BTB PDM-QPSK, and 4-Gbaud PDM-QPSK after 2-km SMF-28 transmission. We can see from Fig. 3 that the 1-Gbaud BTB SP-QPSK and PDM-QPSK cases have quite similar BER performance, demonstrating that the introduction of polarization multiplexing technique into our scheme causes no power penalty. We can also see from Fig. 3 that 2-km SMF-28 transmission causes no power penalty for the 4-Gbaud PDM-QPSK case. Here, it is worth noting that the dispersion-induced walk-off effect between the two selected fourth-order optical subcarriers spaced by 96 GHz is the limiting factor of the fiber transmission distance. The walk-off effect ( can be expressed by
Experimental Results
Where D denotes the fiber CD and is equal to 17 ps/nm/km for SMF-28. L denotes the fiber transmission distance. Á! denotes the operating wavelength and is approximately equal to 0.8 nm for 96-GHz optical mm-wave signal. When ( is no more than half of the symbol duration, the received optical mm-wave signal after fiber transmission can be successfully detected without penalty. Thus, in our experiment, the 4-Gbaud 96-GHz optical mm-wave signal with 250-ps symbol duration can have up to 9.2-km SMF-28 transmission distance, which will cause $125-ps walk-off effect. A power penalty will be introduced when the transmission distance is over 9.2 km. When the transmission distance is up to 18.4 km, the corresponding walk-off effect is $250 ps and approximately equal to the symbol duration. In this case, the received eye diagram is completely closed and the received signal cannot be detected. Moreover, we can see from Fig. 3 that the BER can reach the HD-FEC threshold of 3:8 Â 10 À3 for both 1-and 4-Gbaud PDM-QPSK cases. However, the 4-Gbaud PDM-QPSK case has a worse receiver sensitivity at the HD-FEC threshold of 3:8 Â 10 À3 compared to the 1-Gbaud BTB PDM-QPSK case, which is mainly due to the limited bandwidth of the adopted optical and electrical components in our experiment. Insets (a) and (b) in Fig. 3 show the recovered error-free X-and Y-polarization QPSK constellations for the 1-Gbaud BTB PDM-QPSK case. The corresponding launched optical power into PD is À8.8 dBm. Insets (c) and (d) in Fig. 3 show the recovered X-and Y-polarization QPSK constellations for the 4-Gbaud PDM-QPSK after 2-km SMF-28 transmission. The corresponding BER and launched optical power into PD is 4 Â 10 À4 and À10.8 dBm, respectively.
Conclusion
We have experimentally demonstrated PDM-QPSK modulated vector signal generation at W-band, adopting MZM-based photonic frequency octupling and phase precoding techniques. The MZM biased at its maximum transmission point is driven by a 12-GHz precoded vector signal, which is generated by MATLAB programming and carries up to 4-Gbaud QPSK transmitter data. The phase of the 12-GHz precoded vector signal is 1/8 of that of the regular QPSK symbol. The generated 96-GHz vector signal can carry up to 4-Gbaud PDM-QPSK data, with a BER less than the HD-FEC threshold of 3:8 Â 10 À3 after 2-km SMF-28 transmission. 
